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Functional analyses of neutrophil-like differentiated
cell lines under a hyperglycemic condition
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Diabetic patients are prone to severe bacterial infections. The functional alterations of neutrophils by
hyperglycemia are thought to be partially responsible for such infections. In this study, we investi-
gated the functional changes of neutrophil-like differentiated cell lines (dHL-60, dTHP-1, and dNB-
4) by treatment with 5.5 mM, 11 mM, or 35 mM of glucose. In dHL-60 cells, the incubation with
high glucose (35 mM) resulted in the enhancement of cell aggregation, the suppression of cellular
fragility, the induction of reactive-oxygen species (ROS) production by phorbol myristate acetate
(PMA) stimulation, and the impairment of phagocytosis. In dTHP-1 cells, the treatment with higher
glucose generated the suppression of cellular fragility and extremely impaired phagocytosis (by
35 mM), and induced ROS production due to PMA stimulation (by 11 mM). Furthermore, the higher
glucose exposure to dNB-4 cells enlarged intracellular vacuoles (by 35 mM) and induced ROS pro-
duction due to PMA stimulation (by 11 mM). Since the ROS generation of those cells was enhanced
only after PMA stimulation under the higher glucose conditions, glucose may have a priming effect
rather than a triggering effect. These extraordinary sensitivities caused by the higher glucose treat-
ments may reflect the dysfunction or overactivation of neutrophils.
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1 Introduction

Severe bacterial infections are common in diabetic patients
with hyperglycemia [1]. Neutrophils serve as a first defense
line against pathogenic bacteria. The bactericidal activity of
neutrophil is primarily due to oxidative pathway. By the
assembly of enzymatic components (known as NADPH
oxidase) segregated into the cytoplasm and plasma mem-
brane of resting polymorphonuclear leukocyte (PMN) [2,
3], the bactericidal oxidants such as superoxide anion are
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produced from the activated neutrophils. Previous studies
have shown that PMN in diabetic patients have impaired
chemotaxis, phagocytosis, and oxidative and bactericidal
activities [4—9]. A possible explanation for the impairment
of PMN phagocytosis activities in diabetics is the influence
due to the elevation of serum glucose concentration [10]
and advanced glycation end-products (AGEs) [11, 12]. The
short-term treatment (30 min) of PMN from healthy donors
with high glucose concentration reduced the cellular respi-
ratory burst [13]. Moreover, neutrophils from poorly con-
trolled diabetics have impaired the ability of superoxide
generation in the response to formyl-Met-Leu-Phe (fMLP)
but not phorbol myristate acetate (PMA), and phospholi-
pase D activity is decreased in the response to fMLP [10].
However, the detailed mechanisms of functional abnormal-
ities of neutrophils under the hyperglycemic condition
remain elusive. In our preliminary ex vivo experiment for
8 h or more, it was hard to examine the neutrophil function,
because most neutrophils prepared from healthy humans
rapidly died due to apoptosis.

Human promyelocytic leukemia cell lines, HL-60, THP-
1, and NB-4, have been extensively used for several
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researches, e. g. the cellular differentiation and proliferation
[14, 15], in worldwide laboratories. All-trans retinoic acid
(ATRA) is well known as an inducer for cell differentiation,
in particular it promotes the granulocytic maturation of
human promyelocytic leukemia HL-60 cells [16—18]. The
ATRA-differentiated HL-60 cells acquire the ability of
reduction of nitroblue tetrazolium (NBT) [16—21], increase
the tissue transglutaminase expression [19], modulate the
proto-oncogene expression [20], induce the cell-surface
expression of the Mac-i antigen [22], and up-regulate the
protein kinase activity [21, 23]. NB-4 is a cell line derived
from an acute promyelocytic leukemia patient and its differ-
entiation can be induced by ATRA as well. Fleck et al. [24]
have assessed the morphological changes such as cell
spreading and flattening during the differentiation of HL-
60 and NB-4 with ATRA toward a neutrophil-like pheno-
type by scanning electron microscopy. The cell-cycle pro-
gression of human monocytic cell line THP-1 is regulated
by ATRA through the G1/S phase [25]. The mRNA expres-
sion of retinoic acid receptor (RAR) alpha of THP-1 cells is
induced by granulocyte macrophage colony-stimulating
factor (GM-CSF), and the NBT reducing activity of THP-1
cells is increased by the synergistic effect of ATRA and
GM-CSF [26]. The expression of CD11b antigen (a cell sur-
face marker of differentiation) on HL-60, NB-4 and THP-1
cells is increased by ATRA, as is phagocytosis activity [24,
25]. Thus, the HL-60 and NB-4 cells differentiated with
ATRA, and the THP-1 cells differentiated with ATRA and
GM-CSF are probably available for analysis of neutrophil-
like function by treatment with high glucose for 24 h or
more as hyperglycemic models. The aim of this study is to
characterize the functional changes of those three differen-
tiated cell lines under hyperglycemic conditions.

2 Materials and methods

2.1 Cell cultures

Three human leukemia cell lines (HL-60, NB-4 and THP-
1) were maintained in RPMI 1640 medium including
11 mM glucose (a cell-maintaining medium, Iwaki, Japan)
supplemented with 10% fetal calf bovine serum (FCS) at
37°C in 5% CO, atmosphere.

2.2 Cell differentiation

Cells were harvested during exponential growth and seeded
at a density of 2 x 10° cells/ mL. The HL-60 and NB-4 cells
were differentiated with 1 uM ATRA for 2 days in the cell-
maintaining medium including 11 mM glucose (dHL-60
and dNB-4). For the differentiation of THP-1, the cells were
cultured with 1 uM ATRA and 1 ng/mL GM-CSF for
2 days in the cell-maintaining medium (dTHP-1). The dif-
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ferentiation of those cells was monitored by NBT reducing
assay as described later.

2.3 Treatment of cells with the different
concentration of glucose

The differentiated or non-differentiated cells cultured in the
cell-maintaining medium including 11 mM glucose were
washed with PBS before experiments. For the mimicry of
physiological conditions, the medium with addition of
5.5 mM glucose in glucose-free RPMI 1640 (Invitrogen,
California, USA) was used. The cells (3 x 10° cells/mL of
each) were incubated with a 5.5 mM glucose-containing
medium (physiologic concentration), a 11 mM glucose-
containing medium (in vitro cell-maintaining concentra-
tion), a 35 mM glucose-containing medium (addition of
24 mM glucose in cell-maintaining medium, high concen-
tration), or a 24 mM mannitol-11 mM glucose-containing
medium (addition of 24 mM mannitol in the cell-maintain-
ing medium to rule out osmotic stress) for up to 4 days.

2.4 Cellular morphology, viability, vacuolization,
and fragility

To characterize cellular morphology, the cells were pre-
pared on glass slides by centrifugation using a Cytospin at
50 x g for 2 min, and the slides were air-dried, fixed in
methanol and stained with Diff-Quik (Dade Behring,
Illinois, USA) and were observed at a magnification of
1000 x under a light microscope. To examine cell viability,
the number of living and dead cells in the cultures was
determined by trypan blue dye exclusion under a phase con-
trast microscope. The ratio of living/dead cells was esti-
mated as cell viability. For the observation of cellular
vacuolization, the cells were stimulated with 10 ng/mL of
PMA for 10 min, cytospined, fixed, and stained with Diff-
Quik. The vacuolated cells were observed under a light
microscope. For analysis of cellular fragility, the cells were
stimulated with 10 ng/mL of PMA for 10 min, cytospined,
fixed, and stained with Diff-Quik, and the number of cells
was counted under a light microscope. The cells on the slide
lack fragile cells, which were destroyed physically by cyto-
spining. The percentage of cellular fragility was determined
by the following equation: % of cellular fragility =
[destroyed-Diff-Quik-stained cells/total-Diff-Quik-stained
cells] x 100. Each individual experiment was repeated at
least three times.

2.5 Cell aggregation assay

The number of aggregated cells and total cells was counted
under a phase contrast microscope. The percentage of cells
in aggregates was determined by the following equation: %
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Figure 1. Morphological characteristics of non-differentiated and differentiated HL-60, NB-4, and THP-1 cells cultured with the
different concentration of glucose. The cell lines were maintained in RPMI 1640 medium containing 11 mM glucose (A: HL-60, E:
NB-4, I: THP-1). Differentiated cells were prepared by treatment with 1 uM ATRA for 2 days (dHL-60: B—D and dNB-4: F—H), or
with 1 uM ATRA and 1 ng/mL GM-CSF for 2 days (dTHP-1: J—L). The differentiated cells were further cultured for 4 days with
11 mM glucose (B, F, and J), 35 mM glucose (C, G, and K), and 24 mM mannitol-11 mM glucose (D, H, and L). All cells used were

stained with Diff-Quik.

of cells in aggregates = [aggregated cells/total cells] x 100.
Each individual experiment was repeated at least three
times.

2.6 NBT reducing assay

The cells (0.4—1x 10° were centrifuged at 700 x g for
5 min, suspended with 1 mL PBS containing 2 mg/mL of
NBT and 10 ng/mL of PMA, and incubated for 60 min at
37°C. The reaction was terminated by the addition of
0.4 mL of 2 N HCI and kept cooling on ice for 30 min. After
centrifugation at 700 x g for 5 min, the formazan deposits
in the pellets were dissolved with 1 mL of DMSO, and the
absorbance at 540 nm was measured. Each individual
experiment was repeated at least four times. In some experi-
ments, after NBT treatments with or without stimulation of
PMA, the formazan-stained or non-stained cells were
directly observed under a phase contrast microscope.

2.7 Phagocytosis of yeast by differentiated cells

Yeast particles (Saccharomyces cerevisiae; Sigma-Aldrich,
Missouri, USA) were added to the suspension of differenti-
ated cells in HBSS containing 5% fresh human serum and
left in contact with the cells for 30 min at 37°C [27]. The
final concentrations of yeast and differentiated cells were
6.25x 107 particles/mL and 2.5 x 10° cells/mL, respec-
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tively. After centrifugation, the cell pellets were stained
with Ziehl's carbolfuchsin solution (Sigma-Aldrich). The
yeast particles outside the cells were stained red, and the
yeast particles completely ingested by the cells were pro-
tected from taking up the stain. The cells containing
unstained yeast particles were considered as cells capable
of phagocytosis.

2.8 Statistical analysis

Data are presented as mean = SD. Differences between
mean values were determined by ANOVA. Differences with
p <0.05 were considered statistically significant.

3 Results

Three human myeloid leukemia cell lines, HL-60, NB-4,
and THP-1, which were differentiated with ATRA alone or
with ATRA and GM-CSF in the cell-maintaining medium
containing 11 mM glucose for 2 days, showed PMN-like
cell morphologies and the ratio of cytoplasm to nucleus was
increased (Figs. 1A, B, E, F, I, and J). These differentiated
cells, dHL-60, dNB-4, and dTHP-1, acquired NBT reduc-
ing abilities and their CD11b expressions were increased by
FACS analysis (data not shown). By further treatment of the
differentiated cells with 35 mM glucose or 24 mM manni-
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Figure 2. Effect of glucose on the cell concentration of dHL-
60. After differentiation, the cells were exposed to the condi-
tions of 5.5 mM glucose, 11 mM glucose, 35 mM glucose, and
24 mM mannitol-11 mM glucose for 4 days. The number of liv-
ing and dead cells was determined by trypan blue dye exclu-
sion under a phase contrast microscope and the sum is shown
as the cell concentration (cells/mL). Data are mean + SD from
three or more independent experiments performed in quadru-
plicate. *, p < 0.005.

tol-11 mM glucose for 4 days, there were little morphologi-
cal differences between those glucose- and mannitol-treated
cells (Figs. 1C, D, G, H, K, and L), and the cellular fragility
under high glucose condition with 35 mM was reduced in
the dHL-60 and dTHP-1 cells after PMA stimulation as
described later.

In healthy human blood, the glucose concentration is in
the range of 5—6 mM (in vivo), but the established cell lines
such as HL-60, THP-1, and NB-4 were usually maintained
with 11 mM glucose in RPMI 1640 medium (in vitro).
Therefore, we first examined the effects of three different
concentration of glucose, 5.5 mM (physiologic concentra-
tion), 11 mM (in vitro cell-maintaining concentration), and
35 mM (high concentration), on the differentiated cells. In
the cell concentration of dHL-60 (Fig. 2), no significant dif-
ference was found among the differentiated cells treated
with 5.5 mM glucose, 11 mM glucose, and 24 mM manni-
tol-11 mM glucose during the cultures for 4 days, whereas
the cell concentration in dHL-60 treated with 35 mM glu-
cose decreased approximately up to 65% of those in cells
treated with the other concentration of glucose (p < 0.005).
No effect of ANB-4 and dTHP-1 cells by treatment with
35 mM glucose for 4 days on the cell concentration was
found (data not shown). Cell viabilities (a ratio of living/
dead cells) of dNB-4 and dTHP-1 cultured for 4 days with
5.5 mM glucose were significantly increased when com-
pared with those of the other concentrations of glucose
(Fig. 3, p < 0.05), but there was no significant difference
among the viability of dHL-60 cells treated with any differ-
ent concentration of glucose. These results suggest that the
culture for 4 days with higher glucose concentration (up to
35 mM) did not induce mortal damages such as cytotoxicity
in those cell lines.

By treatment of dHL-60 with 35 mM glucose for 4 days,
the cellular aggregation was increased (Fig. 4). The mean
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Figure 3. Effect of glucose on the cell viabilities of dHL-60,
dNB-4, and dTHP-1. After differentiation, the cells were
exposed to 5.5 mM glucose, 11 mM glucose, 35 mM glucose,
and 24 mM mannitol-11 mM glucose for 4 days. The numbers
of living and dead cells were determined by trypan blue exclu-
sion under the phase contrast microscope. The ratio of living/
dead cells was estimated as “cell viability”. Data are mean =
SD from three or more independent experiments performed in
quadruplicate. *, p < 0.005.
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Figure 4. Effect of glucose on the cellular aggregation of dHL-
60. The cells were exposed to 11 mM glucose, 35 mM glu-
cose, and 24 mM mannitol-11 mM glucose for 4 days. The
numbers of aggregated and total cells were counted under
microscope and the percentage was determined. Data are
mean = SD from three to six replicate cultures. Each individual
experiment was repeated a minimum of three times. *, p <
0.05.

value of aggregation under the high glucose condition with
35 mM was estimated to be 62.1 + 8.4%, while the corre-
sponding values under the conditions with 11 mM glucose
and 24 mM mannitol-11 mM glucose were 37.3 = 0.3% and
27.8 = 4.0%, respectively. Statistical analysis revealed that
the high glucose condition with 35 mM significantly
enhanced the cellular aggregation (p < 0.05). Further PMA
stimulation did not affect the cell aggregation of dHL-60
cells (data not shown). The dNB-4 and dTHP-1 cells
showed no differences in the cell aggregation among treat-
ments with 35 mM glucose, 11 mM glucose, and 24 mM
mannitol-11 mM glucose. However, additional PMA stimu-
lation of ANB-4 and dTHP-1 cells treated with 35 mM glu-
cose promoted the cellular aggregations (data not shown).
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Figure 5. Effect of glucose on the intracellular vacuolation of dNB-4. The cells were exposed to 11 mM glucose (A), 35 mM glucose
(B), and 24 mM mannitol-11 mM glucose (C) for 4 days. After stimulation with 10 ng/mL of PMA for 10 min, the exposed cells were

stained with Diff-Quik. Arrows show cytoplasmic vacuoles.
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Figure 6. Effect of glucose on the cellular fragility of dHL-60
(A) and dTHP-1 (B). The cells were exposed to 11 mM glu-
cose, 24 mM mannitol-11 mM glucose, and 35 mM glucose for
4 days. After stimulation with 10 ng/mL of PMA for 10 min, the
exposed cells were stained with Diff-Quik and counted. The
percentage of the cellular fragility was estimated by equation
in Section 2. Data are mean = SD from three to six replicate
cultures. Each individual experiment was repeated a minimum
of three times. *, p< 0.02.

By PMA stimulation after incubation with 35 mM glu-
cose for 4 days (arrows in Fig. 5), the intracellular vacuola-
tion of dNB-4 cells was induced. An equal amount of
24 mM mannitol-11 mM glucose did not enlarge vacuoles,
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suggesting that osmotic pressure did not affect such vacuo-
lation. When the dNB-4 cells were not stimulated with
PMA, no difference of vacuolation was observed among the
cells treated with 35 mM glucose, 11 mM glucose, and
24 mM mannitol-11 mM glucose.

Since many fragile cells of dHL-60 and dTHP-1 were
observed by PMA stimulation, the effect of glucose on the
cellular fragility after PMA stimulation was examined. In
dHL-60 and dTHP-1 cells, the fraction of fragile cells was
reduced in the cultures with 35 mM glucose compared to
the cultures with 11 mM glucose and 24 mM mannitol-
11 mM glucose for 4 days (Fig. 6, p < 0.02). In both dHL-
60 and dTHP-1 cells, the fragilities due to osmotic shock
were not observed as shown in treatment with 24 mM man-
nitol-11 mM glucose. The suppressions of cellular fragility
by the cultures with 35 mM glucose were observed only
when the cells were triggered with PMA.

Production of reactive-oxygen species (ROS), especially
superoxide anion, was determined by NBT reducing assay
in cells cultured with different concentration of glucose. In
all three differentiated cells cultured with 11 mM glucose
for 24 h, the superoxide production by PMA stimulation
were markedly increased compared to the culture with
5.5 mM glucose (Fig. 7A, p < 0.0002). In dHL-60 cultured
with 35 mM glucose for 24 h, the superoxide production of
the cells by PMA stimulation wasl.5-fold increased com-
pared to the cultures with 11 mM as well as 5.5 mM glucose
(Fig. 7B, p < 0.0001). However, the short-term treatment
for 5 h with 35 mM glucose did not affect the superoxide
generation of dHL-60 (Fig. 7C). The superoxide generation
of dNB-4 and dTHP-1 cells in culture with 35 mM glucose
for 24 h, 11 mM glucose, and 24 mM mannitol-11 mM glu-
cose was significantly increased compared with 5.5 mM
glucose (Fig. 7B, p < 0.0001). The induction of superoxide
production was not observed when these differentiated cells
were cultured with concentrations of glucose without the
PMA stimulation (Fig. 7A, and the microscopic observa-
tion of dHL-60 cells treated with 35 mM glucose as a repre-
sentative in Fig. 7D).
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Figure 7. Effect of glucose on the superoxide generation of dHL-60, dNB-4, and dTHP-1 with or without PMA stimulation. The super-
oxide generation of differentiated and glucose-treated cells was evaluated by NBT reduction assay. Data are mean + SD from three
or more independent experiments. (A) Superoxide generation of the PMA-stimulated or non-stimulated cells after the culture for 24 h
with 5.5 mM glucose (shaded bar) and 11 mM glucose (hatched bar). *, p < 0.0002. (B) Superoxide generation of the PMA-stimu-
lated cells after the culture for 24 h with 5.5 mM glucose (shaded bar), 11 mM glucose (hatched bar), 24 mM mannitol-11 mM glu-
cose (open bar), and 35 mM glucose (solid black bar). *, p < 0.0001. (C) Superoxide generation of the PMA-stimulated cells after the
culture for 5 h (short-term) with 11 mM glucose, 24 mM mannitol-11 mM glucose, and 35 mM glucose, no significance was observed.
(D) Morphological characteristics of the PMA-stimulated and non-stimulated dHL-60 cells cultured for 24 h with 11 mM glucose (a
and d), 35 mM glucose (b and e), 24 mM mannitol-11 mM glucose (c and f). The blue-colored dHL-60 observed under the phase
contrast microscope shows the formazan-deposited cells due to superoxide generation after PMA stimulation.
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Figure 8. Effect of glucose on the phagocytosis activities of
dHL-60, dNB-4, and dTHP-1. After differentiation, the cells
were exposed to different concentrations of glucose (5.5 mM,
11 mM or 35 mM) for 24 h. Phagocytosis activity is expressed
as the percentage of the cells ingesting. Data are mean + SD
from four independent experiments. *, p < 0.001.

The effect of glucose on the cellular phagocytosis was
investigated. By culture with 35 mM glucose for 24 h, the
phagocytosis of yeast particles by dHL-60 cells signifi-
cantly decreased compared to the cultures with 11 mM glu-
cose as well as 24 mM mannitol-11 mM glucose (Fig. 8,
»<0.001). In dTHP-1 cells incubated with 35 mM glucose
for 24 h, phagocytosis activity extremely decreased com-
pared to the cultures with the lower concentration of glu-
cose and 24 mM mannitol-11 mM glucose (p <0.001).

4 Discussion

To our knowledge, this study for the first time demonstrated
that exposure of PMN-like differentiated cell lines to higher
concentration of glucose (up to 35 mM) caused (i) the
enhancement of cellular aggregation in dHL-60, (ii) the
reduction of cellular fragility in dHL-60 and dTHP-1, (iii)
the enlargements of intracellular vacuoles by PMA stimula-
tion in dNB-4, (iv) the impairments of phagocytosis activ-
ities in dHL-60 and dTHP-1, and (v) the induction of super-
oxide generation by PMA stimulation. Because the culture
of differentiated cell lines with 24 mM mannitol-11 mM
glucose did not influence the aggregation, fragility or
vacuolization, the osmotic effect can be excluded. The
other studies showed that GM-CSF, which has a priming
effect, stimulates neutrophil aggregation [28], but does not
stimulate adherence to endothelial monolayers [29]. In con-
trast, tumor necrosis factor-a (TNF-a) and lipopolysacchar-
ide, which are triggers, enhance neutrophil adherence to
endothelium [30], but do not promote neutrophil aggrega-
tion [31]. Our study suggests that the expression of CD11b
was not enhanced by high glucose treatment (data not
shown). Vedder et al. [32] suggest that, as with adherence to
endothelium, increased surface expression of CD11b is not
the mechanism responsible for aggregation. Taken together,
hyperglycemic conditions may play a role similar to GM-
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CSF in triggering immune responses of ATRA-induced dif-
ferentiation.

The cytoplasmic vacuolization and/or toxic granulation
of neutrophils have been demonstrated more often in bac-
teremic patients with high NBT reduction capacity [33].
Malcolm et al. [34] have reported that no significant dif-
ferences in the extent of vacuolization were found among
healthy donors, toxic patients without bacterial infections,
and patients with bacterial infections in the absence of
documented bacteremia. The extent of vacuolization was
significantly greater in bacteremic patients when com-
pared with the other patients, including patients with bac-
terial infection without bacteremia [34]. In our study, the
effect of high glucose on the vacuolation of neutrophil-
like cells by PMA stimulation to mimic bacterial infection
was investigated. The dNB-4 cells under high glucose con-
dition with 35 mM were extensively vacuolated by PMA
stimulation, suggesting that the high glucose may enhance
the ability of vacuolization due to some stimulation in
neutrophil-like cells. The patients with type I diabetes
mellitus were characterized by a significant impairment of
the PMN-mediated phagocytosis [5, 35]. In our study, the
phagocytosis activities of dHL-60 and dTHP-1 were sig-
nificantly impaired in the cultures with high glucose for
24 h, suggesting the association with the pathogenicities in
diabetes.

Oliveira et al. [36] have indicated that NBT reduction in
incubation of rat pancreatic islets as well as neutrophils
with 5.6, 8.3, and 16.7 mM of glucose for 1 h increased
when compared with the absence of glucose. They further
confirmed the involvement of NAD(P)H oxidase activation
through protein kinase C (PKC) in the stimulatory effect of
glucose by incubation with PMA (a PKC activator), bysin-
doylmaleimide (GF109203X) (a PKC-specific inhibitor),
and diphenylene iodonium (an NAD(P)H oxidase inhibitor)
to abolish the increase of NBT reduction induced by glu-
cose. Although we do not know whether the NBT reduction
in incubation of neutrophil-like cells with 5.5 mM glucose
increases when compared with the absence of glucose,
without PMA stimulation no superoxide production of dif-
ferentiated cells was observed in incubation with any con-
centration of glucose in this study. Furthermore, the super-
oxide production by dHL-60, dNB-4, and dTHP-1 cells in
incubation with higher glucose (11 or 35 mM) for long-
term treatment (24 h) significantly increased when com-
pared with 5.5 mM glucose (physiological concentration),
in particular, the NBT reduction of dHL-60 in incubation
with 35 mM glucose was extremely induced. However, no
significant superoxide production in response to PMA was
observed in the short-term treatment (5h) of dHL-60
treated with 35 mM glucose, suggesting that longer-term
treatment with high glucose seems to more enhance the
induction of superoxide production. Since without PMA
stimulation the NBT reduction of dHL-60 cells cultured
with high glucose was not observed, the high glucose condi-
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tion probably promotes the priming of neutrophil-like cells
rather than the direct triggering.

Osmotic pressures of glucose-free RPMI, 5.5 mM glu-
cose-containing RPMI, 11 mM glucose-containing RPMI,
and 35 mM glucose-containing RPMI, which were esti-
mated are approximately 250—-290, 255-295, 265-300,
and 300—350 mOsm/kg, respectively. In most of tissue cul-
ture media that are supplied by manufactures, the osmotic
pressure is usually adjusted to the range of 260—
320 mOsm/kg to keep isotonic condition. Osmotic pres-
sures of 5.5 mM glucose- and 11 mM glucose-containing
media are almost in the range. Only 35 mM glucose-con-
taining medium may give the cell lines a little hypertonic
shock. Therefore, we used 24 mM mannitol-11 mM glu-
cose as such hypertonic control. In dHL-60 as shown in
Fig. 7B, the ROS induction of 35 mM glucose (a little
hypertonic)-treated cells was significantly increased by
PMA stimulation when compared with those of the cells
treated with 5.5 mM glucose (isotonic) and 11 mM glucose
(isotonic), and 24 mM mannitol-11 mM glucose (the same
osmotic condition as 35 mM glucose). This suggests that
the increase of ROS production is dependent on very high
glucose condition. In the cases of ANB-4 and dTHP-1, the
ROS productions of 11 mM glucose (isotonic), 24 mM
mannitol-11 mM glucose (a little hypertonic), and 35 mM
glucose (a little hypertonic) were significantly increased by
PMA stimulation when compared with 5.5 mM glucose
(isotonic), suggesting that the increase of glucose concen-
tration from 5.5 to 11 mM, but not hypertonic shock, seems
to be related to the ROS induction. Thus, dHL-60 appears
to become more sensitive by treatment with very high con-
centration of glucose such as 35 mM on ROS production by
PMA stimulation, but dNB-4 and dTHP-1 are likely more
sensitive by moderately high concentration (more than
5.5mM and less than 35 mM) of glucose. The degree of
effect may be dependent upon the sensitivity differences of
those three cell lines against glucose concentration or treat-
ment time, etc.

The reduction of NBT dye and the generation of ROS are
thought to measure indirectly the bactericidal function of
neutrophils. There is evidence demonstrating that bacterici-
dal ROS production by activated PMN is reduced in dia-
betic patients with or without any infections [9] and in dia-
betic rats [37]. However, there is also evidence that it is nor-
mal [38] or increased [39] in patients with type 1 diabetes
mellitus. Additionally, Nabi et al. and Bellinati-Peies et al.
have suggested that reduction of NBT by neutrophils is not
correlated with their bactericidal activity [35, 40]. They go
on to suggest that only the complete absence of NBT reduc-
tion reflects low bactericidal activity in neutrophils. Based
on those reports, a question is how we can explain exactly
what the present findings of glucose-induced ROS produc-
tion means in relation to bactericidal function of neutro-
phils in patients with type 1 diabetes. One of explanations is
that the type 1 diabetes is much more complicated, because
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the patient blood with the diabetes included increased gly-
cated proteins due to Maillard reaction, e. g. AGEs, as well
as high glucose. Wong et al. [41] showed that AGEs stimu-
late an enhanced neutrophil respiratory burst mediated
through the activation of cytosolic phospholipase A2 and
generation of arachidonic acid. Moreover, De Toni et al.
[42] have represented that in patients with diabetes the
impact on PMN function is of multifactorial origin, and is
probably correlated to the glucose level and to glycation of
PMN protein, such as NADPH oxidase or myeloperoxidase.
Alternatively, glucose in PMN may be reduced by aldose
reductase to polyols, and this pathway requires NADPH,
the coenzyme for the respiratory burst. They further found
that superoxide production in response to opsonized zymo-
san was reduced in diabetic patients. The activation of pro-
tein tyrosine kinase is an important mechanism underlying
transmembrane signaling and, the protein tyrosine phos-
phorylations, stimulated by zymosan receptor-mediated
activation, might be caused by the activation of specific
protein tyrosine kinase, whereas activation by PMA is prob-
ably mediated through another PKC type. In our study,
therefore, we focused on the effect of high glucose alone
(not including AGEs etc.) in ROS production at the mim-
icked initial step of maturated neutrophils released from
bone marrow to blood using three differentiated cell lines.

Taken together, in response to glucose, HL-60 cells out
of three cell lines seem to be better as a neutrophil model,
but NB-4 and THP-1 (as well as HL-60) are still expected to
have the potential responses similar to in vivo neutrophils
under the consideration of sensitivity difference against
glucose among those cell lines. By this possibility, we think
that the three cell lines (HL-60, NB-4, and THP-1) are prob-
ably useful for better understanding of neutrophil function
as a model in vitro experiment for long-term treatments
(24 h or longer). Thus, this study provides significant and
basic information regarding the effect of high glucose on
the functional abnormalities of neutrophil-like differenti-
ated cell lines.
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